Metabolic cooperation via gap junctional intercellular comtransduced with HSVtk via either retrovirus or adenovirus munication (GJIC) is an important mechanism of the vectors. This augmentation of bystander effect could also bystander effect in gene therapy using the herpes simplex be seen in vivo. HSVtk-transduced tumors in mice treated virus thymidine kinase/ganciclovir (HSVtk/GCV) 'prodrug' with the combination of GCV and retinoids were signifisystem. Since retinoids have been reported to increase cantly smaller than those treated with GCV or retinoids GJIC by induction of connexin expression, we hypothesalone. These results provide evidence that retinoids can ized that these compounds could be used to augment the augment the efficiency of cell killing with the HSVtk/GCV HSVtk/GCV bystander effect. Addition of all-trans retinoic system by enhancing bystander effects and may thus be acid increased GJIC in tumor cell lines, augmented a promising new approach to improve responses in gene expression of connexin 43, and was associated with more therapy utilizing the HSVtk/GCV system to treat tumors or efficient GCV-induced in vitro bystander killing in cells vascular restenosis.
Introduction
effect played a central role in tumor eradication. 11, 12 Gene therapy using the herpes simplex virus thymidine Despite bystander killing, however, several studies have kinase (HSVtk) gene has recently gained prominence as also reported incomplete tumor eradication 13 or tumor a potential therapeutic modality for inhibiting cell prorecurrence in animal models after discontinuation of liferation in the context of tumors 1, 2 or vascular resten-GCV therapy. 5, 14, 15 Thus, it will be critical to maximize osis. 3, 4 This strategy utilizes the ability of the HSVtk gene bystander effects in order to eradicate tumors successto render tumor cells sensitive to the antiviral agent ganfully. ciclovir (GCV) by encoding a protein that metabolizes the Previous studies by our group 16 and others [17] [18] [19] have relatively nontoxic GCV into a mono-phosphorylated shown that gap junctions play a role in the bystander product. 5 Subsequent phosphorylation by mammalian effect of the HSVtk/GCV system, presumably by kinases results in a toxic tri-phosphorylated nucleoside allowing the passage of phosphorylated GCV metabolites analog that inhibits DNA polymerase 6 and kills cells, from HSVtk + to HSVtk − cells. Gap junctions are formed possibly via apoptosis. 7 Importantly, addition of GCV by connexins, 20 a family of homologous proteins that kills both those cells expressing HSVtk, and nearby cells directly link the cytoplasm of adjacent cells to allow the that are not expressing HSVtk, a phenomenon that has passage of ions and small molecules of up to 1 kDa. A been termed the 'bystander effect'. 8, 9 typical example is connexin 43 (Cx43) that is expressed Because it is not possible to transduce 100% of tumor in heart and smooth muscle tissue and is also one of the or smooth muscle cells using currently available gene major gap junction proteins in normal human mesothelial therapy vectors, the bystander effect is an important feacells and mesothelioma tumors. 21, 22 Interestingly, retinture of the HSVtk/GCV system. For example, in intraperoids have been reported to induce Cx43 gene expression itoneal treatment of animal models of mesothelioma or and to increase Cx43-mediated gap junctional intercellulung cancer where the transduction efficiency of recombilar communication (GJIC).
enhanced expression of Cx43 and augmented GJIC utilizthe effect of RA on GJIC was quantitatively assessed using the functional double-dye transfer technique. 26 ing a functional double-dye transfer study. We then tested the effects of retinoic acid on bystander-mediated Recipient cells were pre-labeled with the permanent lipophilic red dye, PKH26. PKH26 permanently binds to cell killing in these human and murine tumor cell lines. After demonstrating augmentation of efficacy in vitro, the cytoplasmic membranes and does not pass through gap junctions. An equal concentration of donor cells were effect of retinoic acid on the bystander effect was next tested in vivo in a subcutaneous flank tumor model. The loaded with calcein (a transferable green dye) and were mixed with the PKH26-loaded cells at high density to results of this study demonstrate that systemic administration of retinoic acid does augment the bystander effect maximize cell-cell contacts. In contrast to PKH26, calcein passes readily between functionally coupled cells and has and may thus be a promising new approach to improve responses in gene therapy utilizing the HSVtk/GCV previously been shown to be gap junction dependent. 26 FACS analysis was performed immediately after mixing system.
(t = 0) and after coculturing for 3 h (t = 3 h) to determine the level of GJIC.
Results Figure 2 shows the results of FACS analysis using the double-dye transfer technique on a murine mesothelioma In vitro experiments cell line (AB12) in the absence of RA, and on another Retinoids augment expression of Cx43 protein in group of AB12 cells previously exposed to 10 −6 m RA for mesothelioma lines 5 days. At t = 0 (Figure 2a and Figure 2e shows the calculated percentTo confirm that retinoic acid (RA) could effectively age communication for the AB12 cell line at various conincrease gap junctional communication in our cell lines, centrations of RA and demonstrates a threshold concentration at 10 −8 m RA at which GJIC increased. The degree of GJIC was three-fold higher in AB12 cells after 5 days of exposure to 10 −6 m and 10 −8 m RA compared with control. At 10 −10 and 10 −12 m RA, there was no detectable increase in GJIC using the double-dye transfer technique in the AB12 cell line. These studies were repeated twice with similar results, confirming that GJIC in the AB12 cell line is enhanced by treatment with RA. Similar results were obtained using the human mesothelioma cell line REN (data not shown).
Effect of RA on in vitro growth rates Before proceeding with comparisons of HSVtk/GCVmediated bystander cell killing, it was important to ensure that RA alone had no effect on in vitro growth rates or cell killing in the cell lines used in this study. Since we assay viable cells in bystander mixing studies, a difference in growth rates could confound interpretation of results. As shown in Table 1 for the AB12 and various concentrations of RA. RA alone had no effect on the number of cells and at this concentration of ganciclovir there was no effect on the growth of untransfected cells used in this study (data not shown), while 90-95% of cells transfected with HSVtk were effectively killed ( Figure 3 ). Initial cell densities were chosen so that most cells were in direct contact with neighboring cells (20-30% confluence) when GCV was applied, and by day 5, HSVtk negative cells were 100% confluent.
Figures 3a and b show the results of mixing studies in the REN and AB12 cell lines utilizing both retroviral and adenoviral vectors for transduction of HSVtk. More efficient cell killing at any given mixture of transfected to nontransfected cells was seen in REN cells exposed to 10 −6 m RA compared with mixing studies in the absence of RA (Figure 3a) . Similarly, the AB12 cell line also exhibited an enhanced bystander effect in the presence of RA results demonstrate that RA augments the bystander 10 −10 m RA also had no effect on GJIC.
effect in vitro, however, enhancement of bystandermediated cell killing occurred only in the range of RA concentrations (10 −6 to 10 −8 m) previously shown to the MTT viable cell dehydrogenase assay (data not shown). Based on these studies, bystander experiments enhance GJIC (Figure 2e ). were conducted only at concentrations of RA (ie 10 −6 and 10 −8 m) that had no growth inhibitory effects.
In vivo experiments
In vivo analysis of the bystander effect In vitro analysis of bystander effect To compare the strength of the bystander effect with or
In order to study the effects of RA on the in vivo bystander effect, it was first necessary to determine the without RA, experiments were performed in which HSVtk + and HSVtk − cells were mixed at varying ratios, strength of the HSVtk/GCV bystander effect on tumors growing in vivo. To avoid issues of gene delivery, cells followed by exposure to 20 m GCV, with or without stably expressing HSVtk were used. Retrovirally transstrated that a strong bystander effect was operative in vivo. Based on these data, a 1:40 ratio of HSVtk + to HSVtk − fected HSVtk + AB12 cells were mixed with nontransfected cells at varying ratios and injected subcutaneously into AB12 cells was used for subsequent studies with RA since this ratio resulted in only a 30% reduction in tumor the flanks of Balb/c mice. Three days later, the mice were treated with intraperitoneal GCV for 14 days. As shown volume with GCV therapy. Thus, further reductions in tumor volume mediated by an enhanced bystander effect in Figure 5 , compared with untransduced HSVtk − control tumors, there was a 98% reduction in tumor volume with could therefore be potentially detectable using the 1:40 ratio. GCV therapy when only one cell in 10 was HSVtk + . There was a 50% reduction in tumor volume with GCV therapy Effects of RA on the growth of flank tumors when one in 20 cells was HSVtk + , and a 30% reduction Before the effect of RA on the in vivo bystander effect when one in 40 cells was HSVtk + . These results demoncould be analyzed, it was also necessary to rule out a 913 ( Figure 6a ). These results therefore demonstrated no intrinsic antitumor effects of systemic RA in this tumor model, allowing for subsequent comparative studies of the bystander effect in the presence and absence of RA.
Systemic RA augments the in vivo bystander effect of the HSVtk/GCV system To study the effects of RA on the in vivo bystander effect, subcutaneous AB12 tumors consisting of a 1:40 mixture of HSVtk + to HSVtk − AB12 cells were established. Control mice received saline only (n = 10 tumors). Treatment groups consisted of mice treated with i.p. GCV alone (n = 10 tumors), and mice treated with i.p. GCV and i.p. RA (5.0 mg/kg/day) (n = 10 tumors). Compared with controls, non-RA/GCV-treated mice had a 53% reduction in tumor volume after completion of GCV therapy (680 ± 50 mm 3 versus 319 ± 48 mm 3 , P Ͻ 0.01) (Figure 6b ). In contrast, mice treated with both GCV and RA had an 83% reduction in tumor volume (118 ± 31 mm 3 , P Ͻ 0.001) after completion of GCV therapy compared with Although the mechanisms underlying the bystander effect remain controversial, previous studies by ourselves 16 and others [17] [18] [19] have clearly indicated that metabolic cooperation, mediated by gap junctions, is a major contributor to the phenomenon. The current study supports this hypothesis and further demonstrates a means of improving the efficiency of bystander effect by treatment with RA to enhance GJIC.
Retinoids are a pharmacological class consisting of vitamin A (retinol) and related derivatives 27 that are being extensively studied as chemopreventive and therapeutic anticancer agents. Retinoic acid, one of the most widely investigated retinoids, is a natural retinol metabolite formed by enterocytes from beta-carotene and from tissue metabolism of retinol and retinaldehyde. 28 Physiologic levels of RA are approximately 10 to 20 nmol/l, 29 and mean peak plasma levels approach 1 m with supplementation of 45 mg/m 2 RA. 30 Typical changes brought about by retinoids include: (1) direct induction of differentiation; (2) direct growth inhibition without differentiation; (3) paracrine-mediated growth inhibition or differentiation; (4) induction of differentiation using induction of Cx43 gene expression.
In this study, we demonstrated that RA was able to increase Cx43 expression in mesothelioma cells using immunoblotting and to increase GJIC using double-dye potential antitumor effect of RA alone on flank tumor growth. A 1:40 mixture of HSVtk + to HSVtk − AB12 cells transfer study by FACS. RA at a concentration of 10 −6 to 10 −8 m (levels easily achievable by supplementation) was was thus injected subcutaneously into the flanks of Balb/c mice. Mice were treated with RA (2.5, 5.0 and 7.5 also able to augment the bystander effect in two tumor cell lines transduced with HSVtk via either retroviral or mg/kg/day i.p.) beginning on the day of tumor cell injection and continued for 10 days. Controls received saline adenoviral vectors. This augmentation of bystander effect was also demonstrable in vivo. HSVtk-transduced tumors only. The results showed that systemic RA had no significant effect on tumor growth at doses as high as 7.5 in mice treated with the combination of GCV and retinoids were significantly smaller than those treated with mg/kg/day when compared with saline-treated controls GCV or retinoids alone. In contrast to both mesothelioma out the trivial possibility that the decreased survival was due merely to a greater level of HSVtk activity. lines that expressed Cx43, a 'poorly coupled' SKHepJ cell line lacking Cx43 (see Ref. 16 ) did not show increased
In conclusion, the results of this study demonstrate the beneficial effect of retinoids in the augmentation of the bystander killing after exposure to RA (data not shown).
One potentially confounding issue in this study was bystander effect in the HSVtk/GCV system. As more experience is gained with the clinical use of retinoids, the direct effects of retinoids on cell proliferation. In general, retinoids inhibit proliferation of many malignant cell administration of these compounds in the period preceding and following vector and GCV instillation could thus lines with accumulation of cells in the G1 phase of the cell cycle. 27 However, the response pattern to retinoids be a useful addition to antiproliferative gene therapeutic regimens, especially in tumors where retinoids may have varies within different cell types, cell lines of the same histologic type and even in different subclones, although direct antitumor effects. growth is inhibited in Ͼ60% of the cell lines. 32 No rationale has yet emerged for these disparate growth effects of
Materials and methods

retinoids. The correlation between the action of retinoids on GJIC and growth rates in various cell lines also
Cell lines remains to be determined. Although we saw inhibitory REN was initially isolated and characterized in our labeffects of retinoids at high concentrations in our cells, no oratory from a patient with malignant mesothelioma 34 effects were seen at lower doses. Mehta et al 33 reported and was maintained in RPMI medium (Mediatech, Washthat cellular growth was inhibited when steady-state ington DC, USA) supplemented with 10% FBS, penicillin junctional permeability was increased. In contrast, Zhang G (100 U/ml), and streptomycin (100 g/ml This cell line was maintained in DMEM supplemented and our previous observation 16 that there is no difference with 10% FBS. in in vitro growth rates of connexin-transfected cell lines compared with the parental cell lines which have deficient connexin and limited levels of GJIC, and that
Retroviral vectors and transduction of cell lines
The STK plasmid vector consists of the HSVtk gene under the growth rates do not necessarily decrease when GJIC increases. Similarly, the concentrations of retinoids that the control of the simian virus 40 (SV40) early region promoter and enhancer inserted into the LNL6 plasmid vecaugmented bystander killing in our animal model were not associated with changes in tumor growth in vivo tor. 36 The LNL6 vector is a Moloney murine leukemia virus-derived retroviral vector (MoMLV) carrying the ( Figure 6 ). Furthermore, using immunoblotting, we demonstrated that treatment with RA did not alter the level neomycin resistance gene (neo r ) under the control of the viral long terminal repeat (LTR) promoter. The STK retroof HSVtk gene expression (data not shown), thus ruling viral vector was constructed from the LNL6 vector and 2.5 × 10 5 cells in T25 cell culture flasks and exposed to RA for 5 days. Previous studies have shown that Cx43 contains the LTR promoted neo r gene and an SV40 promoted HSVtk gene, which is downstream of the neo r gene. expression is increased after 3-5 days exposure to RA in most cell lines. 23-25 Our choice of day 5 for testing GJIC This vector was kindly provided by Dr Scott Freeman (Tulane University, New Orleans, LA, USA) in the PA317 was dictated by the time the cells approached confluence. Cells were labeled with either PKH26 (a lipophilic memproducer cell line.
Cells were plated at 10 5 cells per well in six-well plates. brane-bound red dye, Sigma Immunochemicals, St Louis, MO, USA) or calcein (a small molecular weight green dye Lipofectamine (8 l) (Gibco/BRL Gaithersburg, MD, USA) was mixed with 1 ml of serum-free tissue culture that can easily traverse gap junctions (Molecular Probe, Eugene, OR, USA)). For permanent labeling using media in a polystyrene tube. Viral supernatant from a confluent dish of PA317 producer cells was filtered PKH26, cells were harvested in a single cell suspension using trypsin, washed once with DMEM media without through a 0.8 m filter and 1 ml was added to the lipofectamine (Gibco/BRL) solution (approximately 10 5 serum, and transferred to a polypropylene tube. After centrifugation, the cell pellets were resuspended in a 2 p.f.u./ml). The mixture was incubated for 30-45 min at 20°C. Media were removed from the cells and 0.5 ml of m solution of PKH26 at 1 × 10 6 cells per 100 l and incubated for 3 min at room temperature. Staining was terthe viral/liposome mixture was added to each well. An additional 2.5 ml of complete medium was added to each minated by the addition of an equal volume of FBS. Stained cells were recovered after centrifugation and well. The plates were incubated at 37°C for 24 h. HSVtktransduced cells were selected under 800 g/ml of three consecutive washes with 10 ml of DMEM media with 10% FBS. For calcein labeling, cells were stained G418 (GIBCO/BRL).
directly in cell culture plates with a solution of 1.0 m calcein for 30 min after washing with PBS. UnincorporAdenoviral vector and in vitro infection of cell lines The production of recombinant replication-deficient ated dye was eliminated by three consecutive washes with complete medium. Calcein-labeled cells were then adenoviral vectors has been described in detail elsewhere. 37 This vector was constructed from a replicationharvested using trypsin. In order to conduct the cellular communication assay, PKH26-stained cells (10 6 cells/ml) deficient adenovirus type 5 mutant, which lacks most of the viral sequence of regions E1a, E1b and a portion of were plated with an equal concentration of calceinstained cells in a six-well plate at a total of 2 × 10 6 cells E3. The HSVtk gene driven by the Rous sarcoma virus (RSV) 3 promoter region was inserted by homologous per well and then incubated for 3 h in a humidified CO 2 incubator at 37°C. Calcein and PKH26 stained cells were recombination techniques into the E1-deleted Ad 5 viral genome (Ad.RSVtk).
38 Viral stocks were maintained and also incubated independently and were mixed just before flow cytometry to be used as controls. Samples were anaproduced in 293 cells and titers quantified by 293 plaque assays.
lyzed using an EPICS Elite flow cytometer (Coulter, Hialeah, FL, USA). For adenoviral infection, cell lines were plated and grown to subconfluence in T25 cell culture flasks. REN cells were then infected with Ad.RSVtk at a multiplicity In vitro growth rates AB12 cells were plated at 5 × 10 3 cells per well and REN of infection (MOI) of 5 p.f.u. per cell, which ensured a 100% transfection rate based on previous ␤-galactosidase cells were seeded at 1 × 10 4 cells per well in 24-well tissue culture plates. The cell culture medium, with or without marker gene (lacZ) experiments using recombinant adenovirus carrying lacZ (Ad.RSVlacZ).
16 AB12 cells were RA, was changed every day. The cell number after 3 days was determined by Coulter counter (Coulter) after dismore resistant to infection than SKHepJ and REN cells, and required infection with 10 MOI of Ad.RSVtk to sociation in trypsin/EDTA. Mean cell count was calculated from four wells, two independent counts per well. achieve efficient transfection based on lacZ marker gene studies with Ad.RSVlacZ.
Viable cell number in bystander studies was assessed using a colorimetric cell proliferation assay that measures viable cell dehydrogenase activity (Cell Titer 96 Aqueous Treatment with retinoic acid Stock solutions of all-trans retinoic acid (RA) (Sigma Non-radioactive MTT Cell Proliferation Assay; Promega, Madison, WI, USA). 39 Cells were plated at a concenChemical, St Louis, MO, USA) were prepared in dimethylsulfoxide (DMSO) (Sigma Chemical). Aliquots were tration of 4000 cells per well in 96-well culture plates (100 l medium per well). After 1 day, medium was removed stored at −70°C in a nitrogen atmosphere and used only once. For in vitro experiments, RA was dissolved in and replaced with medium with and without RA. After 5 days incubation at 37°C with RA, 20 l of the MTT DMSO (10 −2 m) and diluted with medium to final concentration. The cells were protected from light of Ͻ500 nm assay mix was added to each well. The plates were incubated for 3 additional hours and absorbance was measto prevent breakdown of RA. For in vivo experiments, 10 mg of RA was dissolved in 0.5 ml of DMSO, then diluted ured at 490 nm. with phosphate-buffered saline (PBS) to a final concentration of 0.25 mg RA/ml in fine suspension. Solutions
Immunoblot analysis of Cx43 expression One to two million cells were plated into a T25 flask. were freshly prepared immediately before use. Animals received daily intraperitoneal injections of RA at doses Twenty-four hours later the medium was supplemented with RA at 10 −6 m, and RA administration repeated daily ranging from 2.5 to 7.5 mg/kg body weight for 10 days.
for 3 days without changing the medium. On day 3, RAtreated and untreated cells were washed twice with PBS, Functional double-dye transfer studies GJIC was measured by functional double-dye transfer and scraped into 1.0 ml of 4 × Laemmli buffer (0.25 m Tris-HCl pH 6.8, 8% SDS, 1 mm phenylmethylsulfonylstudies using fluorescence-activated cell sorting (FACS) as previously described. 16 ,26 AB12 cells were seeded at fluoride, 10 mg/ml aprotinin, 1.0 mg/ml leupeptin). mg/kg/day). Treatment with RA was started on the day tive cells were 100% confluent. Cell number was then of tumor injection and maintained for 10 days. Three determined using the MTT colorimetric cell proliferation days after tumor injection, GCV (50 mg/kg/day) was assay that measures viable cell dehydrogenase activity as started for a 14 day course. described above. After correction for background mediaonly absorbance, data for each well were expressed as a Statistics percentage (% cell survival) of the absorbance in wells For in vitro mixing studies, the percentage of cell survival containing untransfected control cells exposed to GCV.
was expressed as the mean ± standard error of the mean of four replicate wells for each mixture of cells. The Animals means for each mixture of cells were compared utilizing Female Balb/c mice (4 to 6 weeks old, weighing approxianalysis of variance (ANOVA). When significant differmately 25 g) were obtained from Harlan Sprague Dawley ences were found, Fisher's test was used to test among (Indianapolis, IN, USA) and maintained in the animal groups (P Ͻ 0.05 was considered significant). Tumor volfacility at the Wistar Institute (Philadelphia, PA, USA).
umes were also expressed as the mean ± standard error All protocols were approved by the Animal Use Commitof the mean and compared utilizing ANOVA. tees of the Wistar Institute and the University of Pennsylvania in compliance with the Guide for the Care and Use of Laboratory Animals (National Institutes of Health No.
